To determine its potential impact on perioperative surgical management intraoperative ultrasound examination (cross sectional imaging, colour flow mapping, pulsed and continuous wave Doppler) was used in 16 consecutive patients undergoing a Fontan-type procedure. Epicardial cross sectional imaging before bypass defined the precise intracardiac morphology in 15 of 16 patients. The preoperative morphological diagnosis was refined in four patients (25%), and this influenced surgical management in two (12%). Epicardial studies after bypass identified seven residual haemodynamic lesions in five patients (three residual intercardiac shunts, one ventricular outflow obstruction, one pulmonary artery obstruction, two mitral valve regurgitation), and led to immediate revision during a second period of bypass in three (18%). In one patient who required early reoperation residual shunting was not detected after bypass by either colour flow mapping or a contrast study. Final intraoperative studies showed a good surgical result in 14 patients (87%). Flow characteristics and flow velocities within the Fontan circulation could be assessed immediately after the patient came off cardiopulmonary bypass by means of combined pulsed wave Doppler and colour flow mapping in 14 of the 16 patients. Cross sectional studies of the left heart after bypass showed no change in ventricular function and allowed monitoring of volume replacement and ventricular filling.
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To determine its potential impact on perioperative surgical management intraoperative ultrasound examination (cross sectional imaging, colour flow mapping, pulsed and continuous wave Doppler) was used in 16 consecutive patients undergoing a Fontan-type procedure. Epicardial cross sectional imaging before bypass defined the precise intracardiac morphology in 15 of 16 patients. The preoperative morphological diagnosis was refined in four patients (25%), and this influenced surgical management in two (12%). Epicardial studies after bypass identified seven residual haemodynamic lesions in five patients (three residual intercardiac shunts, one ventricular outflow obstruction, one pulmonary artery obstruction, two mitral valve regurgitation), and led to immediate revision during a second period of bypass in three (18%). In one patient who required early reoperation residual shunting was not detected after bypass by either colour flow mapping or a contrast study. Final intraoperative studies showed a good surgical result in 14 patients (87%). Flow characteristics and flow velocities within the Fontan circulation could be assessed immediately after the patient came off cardiopulmonary bypass by means of combined pulsed wave Doppler and colour flow mapping in 14 of the 16 patients. Cross sectional studies of the left heart after bypass showed no change in ventricular function and allowed monitoring of volume replacement and ventricular filling.
Intraoperative ultrasound was a valuable monitoring technique in patients undergoing a Fontan-type procedure. It refined preoperative diagnosis, monitored ventricular function, and identified or excluded residual haemodynamic lesions in most patients.
The Fontan procedure or one of its modifications is widely used to correct a wide range of complex congenital heart lesions. 1-3 Both the operative mortality and reported results in the intermediate term have improved remarkably over the past decade.5 In several large series of patients,' however, residual haemodynamic lesions were common (14-29%) and some caused early deaths in hospital, required early reoperation, or impaired functional capacity.7-9 We need an intraoperative monitoring technique for the rapid and accurate identification of important residual lesions immediately after a Fontan circulation has been established. This would allow the repair of important residual lesions during the same operation in a second period of bypass, and might further improve the early results of operation.
During operations for congenital heart disease high resolution epicardial cross sectional imaging can be used to define abnormal cardiac morphology before bypass and a combination of colour flow mapping and spectral Doppler investigations can be used to assess the haemodynamic results achieved by the surgical repair. 1012 Epicardial cardiac ultrasound might also be useful for the immediate evaluation of the results achieved by a Fontan-type procedure. To test this premise we used the full range of ultrasound investigations in a series of patients undergoing a Fontan-type procedure.
Patients and methods
Sixteen patients who underwent a Fontantype procedure at the Department for Cardiothoracic Surgery, Erasmus University, Rotterdam were entered into a prospective intraoperative ultrasound study to determine the impact of such an examination on perioperative surgical management.
PATIENTS
The age at operation ranged from 5 months to 33 years (median age 3 years 6 months) and the body weight ranged from 4400 g to 73 kg. The preoperative diagnosis (table 1) was absent right connection (tricuspid atresia) in 10 patients, double inlet left ventricle in four patients, "criss-cross" heart in one patient (case 3), and a congenitally corrected transposition (discordant-discordant connections) with a straddling tricuspid valve in one patient (case 13). All patients had situs solitus of the atria; four patients had dextrocardia. Two patients (cases 10 Pre-bypass studies were performed after median sternotomy and pericardiotomy. Warm saline was poured into the pericardial cradle to improve contact between the epicardium and the transducer and to reduce mechanical irritation of the heart. Cross sectional imaging was performed first. Results were correlated with the preoperative findings and with the findings at surgical inspection. Then haemodynamic function was assessed by colour flow mapping of the entire heart. These morphological and haemodynamic ultrasound findings served as a reference for the subsequent studies after bypass.
Post-bypass studies were performed after the removal of all cannulas for cardiopulmonary bypass, because these may cause unpredictable flow patterns, and as soon as haemodynamic function was relatively stable. Cross sectional imaging was used to assess the surgical repair and together with M mode tracings to monitor ventricular function. Colour flow mapping of the entire heart and the Fontan circulation was used to detect any flow obstructions across the anastomoses, residual intracardiac shunting, incompetence of atrioventricular valves, or ventricular outflow obstructions. Pulsed wave Doppler investigations were performed to trace and measure flow velocities across the Fontan circulation. Continuous wave Doppler was used to assess blood flow through the ventricular septal defect in two patients with ventriculoarterial discordance. Contrast echocardiographic studies, for the exclusion of residual interatrial shunting, were performed to confirm the findings at colour flow mapping. Routinely 2-5 ml of hand-agitated patient's blood was used as the contrast medium. This was injected via a right atrial line while a modified four chamber view was scanned from the mid-portion of the right ventricle.
Results

STUDIES BEFORE BYPASS
A combination of high resolution cross sectional epicardial imaging and colour flow mapping confirmed the preoperative diagnosis in 11 of the 16 patients. The diagnosis was refined in four patients (25%), and this influenced surgical management in two (12%) (table 2). In one of these patients (case 3) both atrioventricular valves and their tensor apparatus were shown to be entirely connected to the left ventricle, changing the preoperative diagnosis of "criss-cross" heart to double inlet left ventricle. This new finding was, however, of no surgical relevance. In one patient (case 7) with a secundum type atrial septal defect an additional low posterior fenestrated defect was detected. In two patients (cases 11 and 16) with ventriculoarterial concordance epicardial cross sectional imaging clearly showed a right ventricular chamber of moderate size and good function plus the absence of any valvar or subvalvar obstruction. This information, in both patients scheduled for construction of a direct atriopulmonary connection, allowed the outlet chamber to be incorporated into the Fontan circulation.
The information obtained by cross sectional imaging before bypass was verified at surgical inspection whenever feasible, and was found to be exact and complete in 15 out of 16 patients. In one patient with multiple muscular ventricular septal defects (case 16) the epicardial study before bypass showed only one large muscular defect and did not identify the additional defects. These were only identified at surgical inspection after the muscular obstruction between the trabecular and outlet portions of the right ventricle had been relieved. Colour flow mapping before bypass allowed assessment of haemodynamic function immediately before the repair and, even more importantly, served as the reference for interpretation of the subsequent study after bypass. Leakage from intra-atrial tunnels In three patients a total cavopulmonary connection was created. Cross-sectional imaging after bypass showed the course of the tunnel, both venae cavae, and the anastomoses with the pulmonary artery system in two of the three patients. The colour flow mapping studies that were used to exclude residual shunting were judged to be satisfactory in only one patient.
STUDIES AFTER BYPASS
Studies after bypass were limited by the altered geometry of the right atrium and the flow masking properties of the prosthetic material used in the repair. Contrast studies with injection into the right atrial line gave one false negative and one false positive result. Postoperative studies in the intensive care unit (contrast and oxygen saturations) showed residual shunting in one patient (false negative result after bypass), who subsequently underwent reoperation. At reoperation residual communications through the small trabeculations were found between the base of the right atrial appendage and the linea terminalis. The suture line of the patch was found to be intact.
Ventricular septal defects
In seven of the eight patients with ventriculoarterial discordance, colour flow mapping and pulsed and continuous wave Doppler studies after bypass showed an unobstructed ventricular outflow. In one patient the ventricular septal defect was found to be severely restrictive after bypass, whereas it had been shown to be unrestrictive both before operatiocn and dunring studies before bypass. The Two of three patients with tricuspid atresia and ventriculoarterial concordance who had valved atrioventricular connections created had patch closure of a ventricular septal defect. In one of these patients (case 16) additional muscular defects were found at surgical inspection and subsequently closed. The cross sectional imaging study after bypass showed a small residual muscular defect. Offline analysis of the study after bypass showed systolic leftto-right shunting and diastolic right-to-left shunting (fig 2) caused by raised right atrial and ventricular pressures.
Fontan circulation
Cross sectional imaging did not show any anatomical obstruction to the pulmonary artery flow in 14 of 15 patients with satisfactory studies. In one patient (case 14) the study was incomplete after total cavopulmonary connection. Evidence of homograft valve closure was found in all three patients with an atrioventricular connection (cases 11, 12, and 16) and pulmonary valve closure in the patient with a Kreutzer procedure (case 7). The valve leaflets (fig 3B) . Subsequent patch enlargement of the bifurcation during a second period of bypass established unobstructed laminar flow into the left pulmonary artery (fig 3C) , with a maximal flow velocity ofless than 1 0 m/s ( fig 3D) .
We assessed blood flow velocities and flow patterns within the Fontan circulation after bypass by pulsed wave Doppler investigations. Sample volumes were placed distal to the anastomoses or distal to any valve incorporated in the circulation. In patients with direct atriopulmonary anastomoses blood flow was found to be biphasic and bidirectional. Peak flow velocities ranged from 0 4 to 0-65 m/s and occurred during late diastole. The second peak occurred during late ventricular systole and ranged from 02 to 0-3 m/s. Retrogradeflowwas detected during early ventricular systole and early diastole. After total cavopulmonary anastomosis a non-pulsatile, low velocity flow pattern with considerable respiratory changes was noted. Two patients with valved atrioventricular connections (cases 11 and 12) showed biphasic forward flow, with velocity peaks in the main pulmonary artery of 0-25 and 0 3 m/s during late diastole and of 0-6 and 0-9 m/s during ventricular systole, indicating the contribution of the right ventricle to pulmonary blood flow. In the third patient with a valved atrioventricular connection (case 16) no ventricular augmentation was noted.
Mitral valve regurgitation Mild mitral valve regurgitation was shown by colour flow mapping in two patients immediately after bypass. One patient (case 10) showed atrioventricular dissociation, necessitating epicardial pacing. The regurgitant jet was considerably larger than that shown during the study before bypass. In the second patient (case 16) the severity of mitral regurgitation was judged to be unchanged.
Ventricular function Left ventricular function was assessed before and after bypass by a series of short axis scans through the left ventricle. No regional wall motion abnormalities were noted in any patient and ventricular function was unchanged compared with the studies before bypass. In four patients short axis scans were used to monitor volume replacement and ventricular filling while the patient was weaned from cardiopulmonary bypass. In a further two patients the studies helped to determine the dosage of inotropic support.
Complications
Complications induced by direct contact epicardial imaging, apart from occasional episodes of self terminating short runs of ventricular extrasystoles (maximum five in succession), were not encountered. Medical treatment or electical cardioversion were never required. Sterility was preserved by packing the probes into long sterile plastic bags. No episode of endocarditis, pericarditis, or mediastinitis was reported during the study period.
Discussion
We studied the impact of intraoperative echocardiography in patients undergoing a Fontan-type procedure on perioperative surgical management.
Cross sectional imaging before bypass allowed detailed insights into the individual intracardiac morphology and contributed to surgical management in 12% of the patients. In one case the diagnosis before bypass was incomplete because additional muscular ventricular septal defects were not shown; turbulent flow in the entire small right ventricular cavity prevented the recognition of multiple individual jets by colour flow mapping. Assessment of blood flow patterns and flow velocities by pulsed wave Doppler allows the immediate exclusion offlow obstruction within the Fontan circulation. Immediately after a direct atriopulmonary connection was established pulsed wave Doppler echocardiography showed biphasic, bidirectional pulmonary blood flow. The biphasic nature of blood flow showed that both the atrial contraction and the left ventricular relaxation contributed to pulmonary blood flow"5 6 in these patients. In two of three patients in whom the right ventricular chamber was incorporated into the Fontan circulation the pulmonary artery blood flow was greatest during ventricular systole. This finding showed right ventricular augmentation of pulmonary blood flow immediately after bypass, which may be beneficial in the early postoperative period, as was suggested in earlier studies. '7'9 In the third patient, who had extensive resection of muscular trabeculations between the outlet and the trabecular portions of the right ventricle, pulsed wave Doppler examination did not show a ventricular contribution to pulmonary blood flow. Under these circumstances, and especially when the right ventricle is small, it may become functional some time after repair.
Intraoperative ultrasound provides the surgeon with detailed information on the immediate results of the repair because it can detect slight flow disturbances. It does not measure their haemodynamic importance, however, and this can be misinterpreted. After adequate volume replacement residual obstruction ofthe outflow tract or interventricular shunting are readily identified. Whereas their severity is often overestimated, the severity of atrioventricular valve regurgitation is more likely to be underestimated when compared with follow up studies. Findings immediately after bypass must be interpreted against the background of the complexity of the pre-existing anomaly and the method of repair. 
